Paris polyphylla has been used to treat cancer in China for many years and components of the plant, such as polyphyllin D, may have potent antiproliferative effects in vitro. To investigate the potential antitumour effects of polyphyllin D on cancer cells under hypoxia, Lewis lung cancer cells and mouse tracheal epithelial cells were cultured with or without polyphyllin D under normoxic and hypoxic conditions. Proliferation and apoptosis of cells were assayed. Real-time reverse transcriptionpolymerase chain reaction was used to quantify the expression of hypoxiainducible factor 1 alpha (HIF-1a) and vascular endothelial growth factor (VEGF) mRNA. Polyphyllin D decreased cell proliferation, increased apoptosis and inhibited expression of HIF-1a and VEGF mRNAs in Lewis cells. These effects were greater under hypoxic than normoxic conditions. Polyphyllin D did not show a cytotoxic effect in non-tumour cells (mouse skin fibroblasts and tracheal epithelial cells). These results suggest that polyphyllin D potentially has anticancer effects in vitro under hypoxia.
Introduction
Lung cancer is a leading cause of death from cancer throughout the world. 1, 2 It is by far the leading cause of death in all urbanized countries, and it has rapidly risen in importance in developing countries. 2 In addition, many lung cancer cells show marked resistance to chemotherapy and radiotherapy. 3, 4 Hypoxia, a characteristic feature of locally advanced solid tumours, is one of the most important factors that make cancer cells resistant to therapy and develop a more aggressive phenotype. 5 Among the reasons for hypoxia in tumours, a low level of perfusion is of special importance. Hypoxia is linked to a poor prognosis and short survival of lung cancer patients. 6, 7 There is, therefore, an urgent clinical need to develop new therapeutic drugs that can modulate blood perfusion in tumours and eliminate or decrease areas of hypoxic tissue in lung cancer.
Paris polyphylla has been used to treat cancer in China for many years. The D-D Ma, H-X Lu, L-S Xu et al. Anti-tumour effects of polyphillin D in vitro rhizome of this plant, known as zhong-lou, is prescribed by herbal practitioners to cure mastitis, convulsion and tumours of the respiratory system, digestive tract, liver, pancreas, urinary bladder and brain, as well as leukaemia. 8 Extracts such as polyphyllin D (diosgenyl α-L-rhamnopyranosyl-(1¦2)-[α-L-arabinofuranosyl-(1¦4)]-β-D-glucopyranoside, Fig. 1 ) have been shown to have potent antitumour effects in vitro. 9 -11 It has also been demonstrated that chemically synthesized polyphyllin D can induce apoptosis. 12 -14 Our own currently unpublished in vivo work has shown that P. polyphylla can decrease the hypoxic area of rabbit VX2 xenograft lung tumours. The perfusion area ratio was decreased in the P. polyphylla-treated group. The efficacy and underlying mechanism of the anticancer effect of P. polyphylla under hypoxic conditions is, however, unclear.
The present study was designed to examine the effect of polyphyllin D on proliferation and apoptosis in Lewis lung cancer cells under normoxic and hypoxic conditions in order to confirm whether polyphyllin D is a potent cytotoxic agent and can improve hypoxia-related drug resistance in Lewis lung cancer cells.
Materials and methods

PREPARATION OF POLYPHYLLIN D
Polyphyllin D was synthesized at Shandong University School of Pharmacy following the method described by Li et al. 14 Primary mouse tracheal epithelial cells were cultured as described by You et al. 16 A hypoxic (1% O 2 , 5% CO 2 ) environment was produced by connecting a ProOx oxygen controller (BioSpherix, Redfield, NY, USA) to the incubator. Another standard tissue culture incubator was used to provide a normoxic environment (21% O 2 , 5% CO 2 ). Real-time reverse transcription-polymerase chain reaction (RT-PCR), apoptosis, invasion and cytotoxicity assays were carried out after 24 or 48 h of incubation.
CYTOTOXICITY TEST
Cell viability was determined using an MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyl tetrazolium bromide) assay. After treatment, as described above, with different concentrations of polyphyllin D, 50 µl of MTT solution (2.5 mg/ml) in phosphatebuffered saline (PBS, 1×, pH 7.4) was incubated with the cells in a 96-well plate for an additional 4 h at 37°C. The medium containing MTT was then removed and cellassociated MTT crystals were dissolved separately in 10% dimethyl sulphoxide (150 µl/well) on a shaker at room temperature. The absorbance of each sample was measured spectrophotometrically at 570 nm using a microplate reader (Spectramax ® 190; Molecular Devices, Sunnyvale, CA, USA).
ASSESSMENT OF APOPTOSIS
Lewis cells (4 × 10 5 cells/cm 2 ) were grown for 48 h in six-well plates with polyphyllin D or camptothecin (5 µM). Floating and adherent cells were pooled and lysed with 500 µl lysis buffer (1% sodium dodecyl sulphate, 10 mM Tris, pH 7.4) for 30 min at room temperature. Lysed cells were transferred to 1.5 ml Eppendorf tubes and centrifuged at 1000 g for 10 min to separate low molecular weight DNA (oligonucleosome-sized fragments derived from apoptotic cells) from high molecular weight DNA (from viable cells). A 20 µl aliquot of a 1:5 dilution of the supernatant containing oligonucleosomes was used to detect apoptosis by an enzymelinked immunosorbent assay (ELISA) method (Cell Death Detection ELISA PLUS ; Roche Molecular Biochemicals, Mannheim, Germany). Background values (incubation buffer alone) were subtracted, and optical density values representing nucleosomal DNA fragments in treated samples were compared with values obtained from untreated control cells and expressed as fold increases. Triplicate wells were treated for each experimental condition and ELISA was performed in triplicate for each treated well. All experiments were repeated five times.
MATRIGEL™ INVASION ASSAY
To examine the effect of polyphyllin D treatment on invasion capacity, Lewis lung cancer cells (3 × 10 5 cells/ml) were suspended in serum-free DMEM with or without polyphyllin D and seeded in the upper chamber of Matrigel™-coated Falcon™ cell culture inserts with 8 µm pores (BD, Franklin Lakes, NJ, USA). The DMEM medium with 10% fetal calf serum was added to the lower chamber and the cultures were incubated at 37°C for 24 and 48 h. Non-invading cells that remained on the upper surface of the Falcon cell culture inserts were removed by scrubbing with a sterile cotton swab and the cells that appeared on the lower surface of the culture inserts were fixed with ice-cold 100% methanol for 30 min and then stained with haematoxylin. The numbers of cells that digested Matrigel™ and migrated through the 8 mm pores in the filter were counted with a ×20 microscope objective after 24 and 48 h of incubation. All assays were performed in triplicate.
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RT-PCR
Total RNA was extracted from treated and control cells using TRIzol ® (Invitrogen™, Carlsbad, CA, USA) according to the manufacturer's instructions and then treated with RNase-free DNase to eliminate contamination with DNA. Reverse transcription of RNA to cDNA was performed using SuperScript™ II reverse transcriptase (Invitrogen™) at 42°C for 50 min. The cDNA was amplified with SYBR ® Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). The following polymerase chain reaction (PCR) primers were used: vascular endothelial growth factor (VEGF), sense primer 5′-TACTGCTGTACCTCCACCTCCACC ATG-3′, antisense primer 5′-TCACTTCAT GGGACTTCTGCTCT-3′; hypoxia-inducible factor 1 alpha (HIF-1α), sense primer
After an initial denaturation step of 10 s at 95°C, a two-step cycle procedure was used (denaturation at 95°C for 15 s and annealing/extension at 72°C for 1 min) for 40 cycles, followed by a melting curve procedure. For each PCR product, a single narrow peak was obtained by melting curve analysis at the specific melting curve temperature, indicating specific amplifications. One sample was diluted 10-fold to generate an internal standard curve. The amount of HIF-1α, VEGF and GAPDH transcripts were calculated from their respective standard curves. Samples were tested in triplicate and the mean values were used for quantification. For each sample, the ratio between the relative amounts of HIF-1α, VEGF and GAPDH mRNAs was calculated to compensate for variations in the quantity or quality of the starting mRNA and for differences in reverse transcriptase efficiency.
STATISTICAL ANALYSIS
The results are expressed as mean ± SE. Statistical analysis was performed with SPSS ® version 13.0 (SPSS inc. Chicago, IL, USA) using analysis of variance and unpaired Student's t-test as appropriate. A P-value of < 0.05 was considered to be statistically significant.
Results
EFFECT ON CELL PROLIFERATION
As indicated in Table 1 , treatment of Lewis lung cancer cells with polyphyllin D at various concentrations resulted in loss of cell viability in both hypoxic and normoxic environments (P < 0.05). Polyphyllin D did not exert a non-specific cytotoxic effect on non-tumour cells (mouse skin fibroblasts and tracheal epithelial cells). Thus, the antiproliferative action of the extract was specific for tumour cells.
EFFECT ON APOPTOSIS OF LEWIS LUNG CANCER CELLS
As indicated in Fig. 2 , under normoxic conditions, high concentrations (10 and 20 µM) of polyphyllin D induced significantly more apoptosis than 5 µM camptothecin in Lewis lung cancer cells (P < 0.05). There was no significant difference between 2 and 5 µM polyphyllin D and 5 µM camptothecin under normoxic conditions. All four concentrations of polyphyllin D had a significantly greater apoptosis-inducing effect than 5 µM camptothecin under hypoxic conditions (P < 0.05).
EFFECT ON INVASION BY LEWIS LUNG CANCER CELLS
Hypoxia had a marked effect on invasion by D-D Ma, H-X Lu, L-S Xu et al.
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Lewis lung cancer cells; there was a 3.2-and 2.0-fold increase in invasion over normoxic controls at 24 and 48 h respectively (Fig. 3) . The number of Lewis lung cancer cells treated with polyphyllin D that penetrated the filter was significantly lower than the control under both hypoxic and normoxic conditions (P < 0.05) (Fig. 3) . The extent of the decrease in invasion rate caused by polyphyllin D under hypoxic conditions was greater than observed with normoxic conditions. 
Viable cells (% of control)
Lewis cells Mouse skin Mouse tracheal
TABLE 1: Effect of polyphyllin D on the viability of tumour cells (Lewis cancer cells) and non-tumour cells (mouse skin fibroblasts and tracheal epithelial cells) analysed in the MTT assay (mean ± SE)
INHIBITION OF HIF-1 AND VEGF EXPRESSION UNDER HYPOXIA
Expression of HIF-1α and VEGF mRNA was significantly greater under hypoxic conditions than under normoxic conditions (P < 0.05). When polyphyllin D was added, expression of both HIF-1α and VEGF mRNA was significantly reduced under both hypoxic and normoxic conditions (P < 0.05) (Figs 4 and 5) . Polyphyllin D at 10 µM reduced the mRNA levels of HIF-1α and VEGF in hypoxia to a level similar to that in normoxic control cultures. Camptothecin did not significantly affect the mRNA level of either HIF-1α or VEGF under either the normoxic or the hypoxic condition.
Discussion
An in vitro study was recently conducted on the effects of aqueous and ethanol extracts of 15 traditional Chinese medicines on human digestive tumour cell lines. 5 The results suggested that some traditional Chinese medicines, particularly P. polyphylla, might have beneficial activity in digestive cancer and that the mechanism of such an effect would need further study. 11 Polyphyllin D may have the potential to be an effective anticancer agent for breast cancer: a recent study showed that polyphyllin D is cytotoxic to both oestrogen-sensitive and -insensitive breast cancer cells, with potency even greater than that of tamoxifen in vitro. 9 In another article, the same group concluded that polyphyllin D is a potent anticancer agent that can overcome drug resistance in hepatocellular carcinoma cells and elicit programmed cell death through mitochondrial dysfunction, both effects occurring in dose-and time-dependent manners. 12 In addition to polyphyllin D, six other compounds isolated from P. polyphylla have been shown to possess moderate to large antitumour effects in vitro. 17 The present study showed that polyphyllin D can induce apoptosis in Lewis 
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lung cancer cells while decreasing their proliferation and invasion rate. Its efficacy of apoptosis induction was higher than that of camptothecin, especially under hypoxic conditions. These results confirm the antitumour effect of polyphyllin D and that these effects are greater in the hypoxic condition than in the normoxic condition. They also indicate that polyphyllin D should be a much more powerful antitumour agent than camptothecin and that polyphyllin D may have a particular ability to inhibit tumour malignancy related to hypoxia. Tumour hypoxia is classically associated with resistance to radiotherapy, but has also been shown to diminish the efficacy of chemotherapy, photodynamic therapy and immunotherapy. 5 Limited in vivo data show that polyphyllin D can also decrease tumour growth rate and metastasis rate, 9 hence polyphyllin D shows promise as a potentially new antitumour agent for use in hypoxic conditions.
Depending on the level and duration of hypoxia, mechanisms that may be involved in hypoxia-induced tumour propagation include alterations in gene expression with subsequent changes of the proteome and/or changes in the genome, 18, 19 and clonal selection. Genetic instability results in the emergence of new genetic variants under hypoxic conditions, but only a very small number of these are advantageous. Cells harbouring these rare beneficial mutations are able to survive under adverse circumstances that would otherwise be lethal, leading to Darwinian selection of the most resistant clones. Hypoxia, in addition to its mutagenic properties, is a strong selection force and has been shown strikingly in the hypoxic selection of p53-negative clones. 6 This selection process leads not only to increased resistance to apoptosis in the emerging clones, but also to increased genomic instability, since p53 plays a significant role in the surveillance of genome integrity. Sustained hypoxia may also lead to cellular changes that result in a more clinically aggressive phenotype. During the process of hypoxia-driven malignant progression, tumours may develop increased potential for local invasive growth, the spread of tumour cells, and regional and distant tumour cell metastasis, resulting in a poor prognosis. Of all proteins induced by hypoxic conditions, hypoxia-inducible factors and their downstream target genes have been studied most intensively. 3 It has been shown that HIF-1α signalling has a positive impact on tumour growth, 3,7 a finding that might have been expected in the light of results obtained in previous in vitro experiments. 7 Activation of HIF-1α not only modulates significant metabolic or angiogenic pathways but has also been implicated in tumour invasiveness and metastasis. 3, 18 These are complex multistep processes in which the tumour cells have to break away from the tumour, cross the basement membrane, migrate through the extracellular matrix, invade the vessels, extravasate and proliferate at a suitable site, and they require the coordinated expression and interaction of numerous genes. It is well established that HIF-1α plays a central role in these processes. For example, study of a transgenic mouse model of tumour progression and metastasis showed that HIF-1α-null tumours exhibited retarded growth and reduced pulmonary metastases. 20 Over 100 direct HIF target genes have been identified that regulate a number of cellular processes, including glucose metabolism, angiogenesis, erythropoiesis, proliferation and invasion, and HIF can also indirectly regulate cellular processes such as proliferation and differentiation through interactions with other signalling proteins, 
such as c-myc and Notch. 21 Among the HIF-1α target genes, VEGF is one of the most important and plays a key role in tumour angiogenesis. The independent prognostic significance of increased VEGF expression has been demonstrated for most types of solid tumour and also for some haematological malignancies. 22 In conclusion, the present study indicated that polyphyllin D is the first natural ingredient to be effective in hypoxic conditions. Considering that levels of HIF-1α and VEGF were significantly decreased by polyphyllin D in the present study, blocking the HIF-1α-VEGF pathway appears to be the molecular mechanism underlying its antitumour effects in hypoxic conditions. It will be of particular interest to carry out more in vivo research on its 'antihypoxic' effects, especially when combined with other antitumour agents.
